Abstract-An approach has been developed that involves the fit of a combination of three simple scattering mechanisms to polarimetric SAR observations. The mechanisms are canopy scatter from a cloud of randomly oriented dipoles, even-or double-bounce scatter from a pair of orthogonal surfaces with different dielectric constants and Bragg scatter from a moderately rough surface. This composite scattering model is used to describe the polarimetric backscatter from naturally occurring scatterers. The model is shown to describe the behavior of polarimetric backscatter from tropical rain forests quite well by applying it to data from NASA/Jet Propulsion Laboratory's (JPL's) airborne polarimetric synthetic aperture radar (AIRSAR) system. The model fit allows clear discrimination between flooded and nonflooded forest and between forested and deforested areas, for example. The model is also shown to be usable as a predictive tool to estimate the effects of forest inundation and disturbance on the fully polarimetric radar signature.
I. INTRODUCTION
C LASSIFICATION, decomposition, and modeling of polarimetric synthetic aperture radar (SAR) data has received a great deal of attention in recent literature. The objective behind these efforts is to better understand the scattering mechanisms that give rise to the polarimetric signatures seen in SAR image data.
A major problem in analyzing polarimetric SAR data, such as that produced by the NASA/Jet Propulsion Laboratory (JPL) airborne polarimetric SAR (AIRSAR) and Spaceborne Imaging Radar-C (SIR-C) systems is in understanding the scattering mechanisms that give rise to features in the different polarization parameters. Researchers, on examining some polarimetric SAR data from their scene of interest for the first time, often notice unusual bright or dark features when displaying one of the many possible polarization representations of the data (e.g., total power, HH, VV, or HV cross section, synthesized cross sections for arbitrary transmit and received polarizations, HH-VV phase difference, HH-VV correlation coefficient, etc.) Manuscript received July 17, 1996 ; revised September 15, 1997 . This work was supported in part under NASA's Applied Information Systems program and by the SIR-C program under NASA's Mission to Planet Earth.
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It is usually pertinent to ask what scattering mechanisms give rise to the observed features. Much excellent work (for example, [1] - [5] ) has been done on modeling polarimetric radar backscatter for both naturally occurring terrain and man-made objects. These models are usually complex and require a large number of input parameters to successfully predict the observed backscatter. For example, in modeling the backscatter return from a forest, measurements of tree heights and diameters, tree density, leaf size and angular distribution, branch size and angular distribution, trunk dielectric constants, ground roughness, and dielectric constant are commonly required as inputs. All of these models solve the "forward problem" in predicting backscatter from a number of ground-based measurements of the imaged objects. It is difficult, if not impossible, to invert these models to provide a unique solution, simply because the number of input parameters (the "ground truth") is often much larger than the number of output parameters (the radar measurements) in the forward problem.
As understanding of polarimetric scattering mechanisms has advanced, some excellent publications have appeared in the literature that can be used to gain a better understanding of polarimetric SAR measurements. An early example can be found in Huynen's ground-breaking thesis [6] . Another good example is van Zyl's paper on classifying the dominant scattering mechanism for each pixel [7] . Decomposition of the target scattering matrix into three orthogonal components has been proposed by Cloude [8] , Holm and Barnes [9] , van Zyl [10] , and Krogager [11] . Cloude and Pottier [12] have produced an excellent review of these decomposition theorems. A common limitation of these decompositions is that they tend to be mathematically based and may yield combinations of three scattering matrices that cannot be so easily related to physical scattering models. In some cases, the underlying physical bases for the scattering decompositions can be traced to man-made or "hard" targets, such as metallic spheres or dihedrals and trihedrals, which may not be representative of scattering occurring from natural targets, such as forests and other vegetated areas. There is also a tendency to require orthogonality between at least two of the scattering components, which may be overly restrictive for natural scatterers.
In this paper, a technique for fitting a physically based, three-component scattering mechanism model to the polarimetric SAR data itself, without utilizing any ground truth measurements, is presented in Section II. This model was previously developed in Freeman and Durden [14] . The three scattering mechanism components included in the model are canopy scatter from randomly oriented dipoles, first-order Bragg surface scatter, and a double-bounce scattering mechanism. The model fit yields an estimate of the contribution to the total backscatter of each of the three components. The backscatter contributions can also be compared to give the relative percentage weight of each, or used to estimate the contribution of each mechanism to the HH, HV, and VV backscatter terms. The model fit has an equal number of input parameters (the polarimetric radar backscatter measurements) and output parameters (the backscatter contributions from each of the three components and two parameters describing them). The model can be applied to entire images or to small areas within an image to give an estimate of the relevant scattering mechanisms. The model has been applied to many C-, L-, and P-band AIRSAR images of different types of terrain and to many Cand L-band SIR-C images. Results are presented for the model when applied to tropical rain forest data obtained from the NASA/JPL AIRSAR in Section III. These results are analyzed in more detail in Section IV, where it is also shown how the model can be used to predict changes in radar polarimetric signatures. Finally, the paper is summarized in Section V.
II. THE MODEL
The model fit includes three very simple scattering mechanisms, as illustrated in Fig. 1 . First, for canopy (or volume) scattering, it is assumed that the radar return is from a cloud of randomly oriented, very thin, cylinder-like scatterers.
By making several simplifying assumptions, the second-order statistics of the resulting scattering matrix can be derived. First, let canopy scattering be represented by scattering from scatterers with the following scattering matrix when in standard orientation: (1) We then assume that the scatterers are randomly oriented about the radar look direction with an angle from the vertical polarization direction. For a particular scatterer, the scattering matrix can be found by rotating into a coordinate system with vertical along the scatterer's standard orientation. We then calculate the scattered field and rotate back to the radar coordinate system. The following equation gives the scattering matrix in the radar coordinate system in terms of the scattering matrix in the scatterer's coordinate system:
On multiplying the matrices in this equation, we find the following scattering matrix:
Note that the radar transmit and receive coordinate systems are identical, resulting in a symmetric scattering matrix, with hv vh . The probability density function (pdf) for scatterer orientation is , and the expected value of any function is (4) The following are expressions for the second-order scattering matrix statistics (alternately, the covariance matrix statistics): hv vv The double-bounce scattering component is modeled by scattering from a dihedral corner reflector, where the reflector surfaces can be made of different dielectric materials, corresponding to a ground-trunk interaction for forests, for example. The vertical surface (e.g., the trunk) has reflection coefficients th and tv for horizontal and vertical polarizations, respectively. The horizontal surface (the ground) has Fresnel reflection coefficients gh and gv . The model can be made more general by incorporating propagation factors and , where the are complex, which represent any attenuation and phase change of the vertically and horizontally polarized waves as they propagate from the radar to the ground and back again. In this way, the model can include the effects of propagation through a canopy layer or a trunk layer. The scattering matrix for double-bounce scattering is then gv tv gh th (7) The second-order statistics for double-bounce scattering, after normalization, with respect to the VV term, are hh vv hh vv hv and hh hv hv vv where gh th gv tv (8) Two key features of this model for double-bounce (or evenbounce) scatter are that the amplitudes of the HH and VV terms do not have to be equal and the phase difference between the HH and VV terms (i.e., hh vv or ) does not have to be . It will be shown later that this is necessary to match the observed behavior of scattering from many natural targets.
For the surface scatter, a first-order Bragg model is used with second-order statistics (after normalization) hh vv hh vv hv and hh hv hv vv (9) where is real. For all of these backscatter components, it is assumed that the backscatter is reciprocal. It has also been shown that the like-and cross-polarized returns are uncorrelated. Further, assuming that the volume, double-bounce, and surface scatter components are uncorrelated, the total second-order statistics are the sum of the above statistics for the individual mechanisms. Thus, the model for the total backscatter is hh vv hh vv hv and hh hv hv vv (10) where and are the surface, double-bounce, and volume (or canopy) scatter contributions to the VV cross section. If and can be estimated, it follows from (10) that the contributions of surface, double-bounce, and volume scatter to the HH, HV, and VV backscatter can be readily separated.
This model gives us four equations in five unknowns (ignoring the cross products between like and cross pol). In general, a solution can be found if one of the unknowns is fixed. Since neither the surface or double-bounce mechanisms contribute to the HV term in the model, we can use this to estimate the volume scatter contribution directly. The volume contribution or can then be subtracted off the HH VV and HH VV terms, leaving three equations in four unknowns hh vv hh vv (11) After van Zyl [7] , we then decide whether double-bounce or surface scatter is the dominant contribution in the residual, based on the sign of the real part of hh vv . If Re hh vv is positive, we decide that surface scatter is dominant and fix . If Re hh vv is negative, we decide that doublebounce scatter is dominant in the remainder and fix . Then and or can be estimated from the residual radar measurements. This approach will obviously work best when either or are close to zero, or when or are close to 1 or 1.
Finally, we estimate the contribution of each scattering mechanism to the span hh hv vv with and
Note that is just four times the usual expression for total power. 
III. RESULTS
In March 1990, NASA/JPL's airborne SAR system, known as AIRSAR, was flown over an area around Gallon Jug in Belize, which had been chosen for intensive field study. This intensive study area in northern Belize is dominated by old growth upland tropical rain forest. There are also small areas that have been cleared of upland forest within the last five years and allowed to regrow. In addition, there are areas of almost pure palm forest, consisting of either cohune or botan palm trees. There are several types of wetland forests. High marsh forest has vegetation resembling the upland rain forest, but standing water is present during a large portion of the year. Bajo is another type of wetland forest that grows in areas having very poorly drained clay soils. The vegetation is short (less than 10 m), densely packed, and has sparse foliage. Yet another wetland forest type is swamp forest, consisting of short trees or shrubs growing in standing water. Besides forest, there are reed and sedge marshes. These are areas of herbaceous vegetation in standing water. The sedges are considerably taller than reeds (200 versus 40 cm). In addition to these naturally occurring vegetation types, there are agricultural areas, consisting of cleared areas, bare soil, and various crops. A map of land cover for the area is given in Fig. 2 , based on in-situ measurements and on aerial overflights of the Gallon Jug area.
Three-frequency, multipolarization, AIRSAR data of the area were calibrated using corner reflectors deployed in clearings near Gallon Jug. The Gallon Jug area is a large plantation surrounded by rain forest. Fig. 3 shows the result of applying the model described in Section II to this data. In the figure, the contributions of each of the three scattering mechanisms to the total power are shown for each pixel, with surface scatter colored blue, volume scatter green, and double-bounce red. Results are shown for all three AIRSAR frequencies (C-, L-, and P-band, corresponding to 6-, 24-, and 68-cm wavelengths, respectively). The relative strength of each color in the resulting Red-Green-Blue (RGB) images can be related to the relative strengths of the scattering mechanisms. The AIRSAR viewing direction is from the top of each frame. Tables I-III show typical backscatter values for representative samples for the land cover types in the Gallon Jug area, together with quantitative estimates for the contributions to the total backscatter for each of the three scattering mechanisms and . Average values are given in each table for the incidence angle , the span , the HH backscatter hh , the ratio of VV to HH backscatter vv hh , the ratio of HV to HH backscatter hv hh , the phase difference between the HH and VV measurements hhvv hh vv , and the correlation between the HH and VV measurements hhvv . Note that no results are presented here for the hh hv or hv vv terms. This is because the results were all close to zero, except in the case of the reeds and sedge areas. The reason for the nonzero values obtained for the like-to crosspol cross products for these two cases will be the subject of future paper.
Results for land cover types marked with an asterisk were obtained from AIRSAR images of scenes adjacent to the one depicted in Fig. 3 in the Gallon Jug area and are presented here because they represent some unusual features. The sample results are arranged in each table according to the strength of the observed P-band HH backscatter. Recent results linking this parameter to biomass (e.g., [15] and [16] ) indicate that the sample results are approximately ranked in order of increasing biomass. Note that the expected noise floor for each polarization is between 25 and 30 dB for the C-band AIRSAR data and between 35 and 40 dB for the L-and P-band AIRSAR data. The noise floor for the span should be 6 dB above these levels. Estimated backscatter contributions within or below these ranges should be considered negligible.
The results given in Fig. 3 and Tables I-III show that the model fits the scattering behavior for bare soil quite well at P-band, with surface scatter being by far the strongest component. At L-and C-band, surface scatter is still dominant Fig. 3 . Application of the model to a three-frequency, multipolarization AIRSAR data set over the Gallon Jug area, showing the scattering mechanism contributions overlaid in color for each frequency band (P-, L-, and C-band).
for bare soil, but a significant amount of volume scatter is present. This indicates that perhaps the small perturbation model used for surface scatter is not completely valid for the surface/wavelength in these cases, since it does not allow any depolarization due to surface scatter. For open water, the small perturbation model fits quite well at all three frequencies, except for a "volume scatter" component, which comes from an HV measurement that is close to the level of the noise floor for each channel.
Farmland has volume scatter dominant at C-band, but surface scatter dominant at L-and P-band. This can be interpreted as indicating that the longer wavelengths are penetrating the relatively short vegetation in the farmland area and the backscatter is mostly from the underlying ground.
The model for volume or canopy scatter fits the observations for Upland Forest at L-band very well, with only a small amount of double-bounce resulting from the model fit. At Cband, the model works quite well for Upland Forest, except for the presence of a significant surface scatter term, in addition to the dominant volume scatter term. The double-bounce term is very small. In fact, this mix of a dominant volume scatter term with a lesser surface scatter term is characteristic of all the forest classes at C-band in the Belize data. At P-band, the Upland Forest has volume or canopy scatter dominant, with a now significant level of double-bounce, which is 6.4 dB less than (or a factor of 0.23, which is just over one-fifth) the volume scatter term. This is to be expected, given the increased ability at longer wavelengths to penetrate vegetation canopies, which has been noted in several studies, e.g., [17] .
Forest areas that show significantly increased levels of double-bounce relative to volume scatter at P-band (when compared with the Upland Forest) are Bajo, Swamp Forest, Palm Forest, Flooded Forest, and the Coffee Plantation. These areas can be characterized as having either a lower canopy height than the Upland Forest, a sparser canopy, a wetter ground surface, or some combination of the three. The same areas, with the exception of the flooded forest, exhibit an increased level of double-bounce relative to volume scatter at L-band, but to a lesser degree. There is a significant increase in the double-bounce term for the Swamp forest and High Marsh Forest at C-band.
Regrowth is clearly separable from Upland Forest at P-band since the level of canopy scatter is significantly lower ( 12.1 compared to 8.8 dB). This result stems from the difference in the level of HV backscatter for these two classes, which can be interpreted as a difference in the level of biomass, with the Regrowth being lower. At L-band, the level of canopy scatter is only slightly lower (by 1 dB) for the Regrowth, which cannot be regarded as significant. However, it may be possible to differentiate between the Upland Forest and the Regrowth based on the presence of an increased level of surface scatter for the Regrowth. At C-band, the Regrowth and Upland Forest results are virtually identical.
Sedge is indistinguishable from Upland Forest at C-band, but exhibits an increased level of double-bounce (relative to canopy scatter) at L-and P-band. Reeds have a relatively large fraction of double-bounce at each frequency, but only at C-band is the overall level of the backscatter very high ( dB). Both Reeds and Sedge can be characterized as a collection of cylindrical objects over a water surface. The major difference between the two is in vegetation height and therefore biomass. Thus, an interpretation of the results is that the Reeds have enough biomass to give a significant level of volume and double-bounce scatter at C-band, but not at Land P-band. At all three frequencies, a large proportion of the backscatter for the Reeds comes from the double-bounce interaction between the cylinders and the water surface. For the Sedge, the canopy layer is too thick for the C-band to penetrate, so there is no significant double-bounce term at that wavelength.
The clear-cut area in the Gallon Jug scene is rather unusual, in that at the time of the data collection, the area had been recently bulldozed and the fallen tree trunks and branches were lying on the ground prior to burning. The scattering mechanism results indicate that there is an increased level of surface scatter for this area at all three frequencies, but especially at L-and P-band. This can be interpreted as an increase in the level of the direct return from the tree-trunks lying horizontally on the ground in this area.
In Tables I-III , we have only presented results for the Upland Forest at one incidence angle (40 ). In Fig. 4 , we show the backscatter measurements for Upland Forest over a range of incidence angles between 21 and 58 . The VV and HV backscatter values are fairly uniform across the range of incidence angles for L-and P-band, while the HH results show a tendency to increase at smaller incidence angles. At Cband, all three polarizations show the same slightly downward trend with increasing incidence angle. The phase difference between HH and VV shows some variability at L-and Pband, and is mostly zero at C-band, except at smaller incidence angles. The correlation between the two like-pol measurements is fairly constant across incidence angles at C-band, but shows a slight but significant increase at smaller incidence angles at L-and P-band. In Fig. 5 , we show the estimated backscatter measurements for each frequency, again versus incidence angle. These results show a marked increase in the surface scatter term at L-and P-band at smaller incidence angles. This can be interpreted as an increase in the direct return from the ground. The results also show a decrease in the double-bounce term at P-band outside the range of incidence angles between 30 and 50 . The C-band results are fairly consistent across the full range of incidence angles. Note that the C-band doublebounce results are mainly close to the noise floor for that frequency. The slight rise in the double-bounce term at smaller Fig. 5 . Estimated scattering mechanism contributions over the three frequency bands versus incidence angle for Upland Forest from the Gallon Jug data set.
incidence angles may (or may not) be significant, depending on the behavior of the noise floor in that part of the data.
IV. FURTHER ANALYSIS
The results presented in Section III for P-band AIRSAR data over the Gallon Jug area indicate that surface scattering is not an important contribution for Upland Forest for incidence angles greater than 30 . So the backscatter for Upland Forest at P-band in this range is well described by a two-component version of our model, as depicted in Recall from (8) that represents the relative amplitude and phase difference between the HH and VV backscatter for double bounce and is given by the product of a term that represents propagation through the canopy and the ratio of the HH and VV reflection terms for the ground-trunk interaction. The canopy propagation term can be separated into two terms, one representing propagation through the canopy layer and the other, a layer consisting only of trunks, as depicted in Fig. 6 . The reflection terms for the ground and trunk can also be separated into two terms, so that can be written as canopy trunk gh gv th tv (14) It is possible, after [18] , to calculate the reflection coefficients for the ground and trunk, if the dielectric constants of the two, the trunk radius and the incidence angle, are known. Adopting values from Table IV for the trunk dielectric constant of [19] , for the ground dielectric constant of (representing dry soil, after [20] ), a trunk radius of 0.1 m, and an incidence angle of 40 , we obtain gh gv and gh gv
Note that the reflection coefficient for the H-component is larger than that for the V-component, as noted by others. For the trunk term, we obtain th tv and th tv (15) Our calculations show that, for a randomly oriented canopy, the expected value of the and propagation terms are such that canopy canopy which leaves only the propagation through the "trunk layer," as proposed by Ulaby et al. [16] , which results in a change in (16) where is the number density of the trunk layer, is the height of the trunk layer, is the wavenumber, and the and terms represent the forward scattered field at each polarization for a single cylinder.
For the Belize data, from Table IV , the Upland Forest is 25-m high, with a trunk layer 15 m in height, and the number density of the trunks is 0.1. At P-band, for an incidence angle of 40 , we calculate Thus Returning to (13), we can predict some characteristics of the scattering behavior at P-band for Upland Forest at 40 , as a function of the relative contribution of the double-bounce and volume scatter, i.e., as a function of . This is shown in Fig. 7 . On the left-hand side of each figure, the volume scatter term is dominant and the scattering behavior matches that described by (6) . On the right-hand side, doublebounce scatter is dominant and the scattering behavior matches that described by (8) . As the relative level of the doublebounce term increases, going from left to right, the phase difference increases. Note that between and one, the phase difference can take any value in the range 10 to 160 . Initially, the correlation coefficient decreases as increases from 0.33 to around 0.08 at . Thereafter, the correlation coefficient increases toward a value of one for double-bounce completely dominant. The values of HV/HH decreases steadily as the double-bounce term increases in significance, while the HH/VV term increases toward its value for double-bounce completely dominant. The general trends shown in Fig. 7 are consistent with our observations of polarimetric backscatter at L-and P-band for many different forest areas, for which the phase difference is usually somewhere between 0 and 180 (but often considerably less than 180 ), the correlation coefficient is typically low (less than 0.5), the HV/HH ratio less than 5 dB, and the HH/VV ratio is equal to or slightly higher than 0 dB. The model presented in this paper does not attempt to predict the absolute level of any backscatter measurement. Note, however, that the values on the charts for the HH-VV phase difference, the HH-VV correlation coefficient, and the ratios of HH/VV backscatter and HV/HH backscatter match very well with the results for Upland forest given in Table I , for a ratio of double-bounce to volume scatter of between 0.2 and 0.3, which is consistent with the observed ratio of 0.23. Matching the behavior of all four of these parameters at the same time is difficult; very few successful attempts to do so are documented in the literature.
Returning to (7), it is clear that, if the and Fresnel reflection coefficients for the forward scattering off the ground, i.e., gh and gv , increase, the strength of the double-bounce scattering term will increase. In general, this is precisely what happens when inundation occurs, when the ground changes from soil or vegetation cover with a relatively low dielectric constant and forward reflection coefficient to water that has a relatively high dielectric constant and therefore a high reflection coefficient. (The dielectric constant for water at Pband is compared with for dry soil). To first order then, inundation produces an increase in the relative strength of the double-bounce scattering term compared to the volume or canopy scatter term. From Table I , we see that the flooded forest has 0.29 for the ratio of double-bounce to volume scatter at P-band, compared with 0.23 for the upland forest. We can see from Fig. 7 that an increase of this order in the relative strength of the double-bounce term will tend to increase the HH-VV phase difference and the HH/VV backscatter ratio. The HV/HH backscatter ratio will tend to decrease, and the HH-VV correlation coefficient will change only slightly. This broadly describes the behavior of the flooded forest results at P-band compared to the upland forest results in Table I .
The coffee plantation at the Gallon Jug site was selectively thinned, i.e., the owner of the Gallon Jug site removed many of the trees from that area of forest to grow a coffee crop beneath the shade of the remaining canopy. This means that the number density of trunks in the coffee plantation and the attenuation through the canopy and the trunk layers (i.e., the and ) were reduced in comparison to the nearby Upland Forest. Looking at (7) and (16), we see that the effects of this selective thinning will be to lower the HH-VV phase difference introduced by propagation through the trunk layer and to increase the strength of the double-bounce scattering term. Again, to first order, this change in the condition of the forest produces an increase in the relative strength of the double-bounce scattering term compared to the volume or canopy scatter term, assuming that the canopy is not thinned so much that the canopy scatter is significantly reduced. Comparing the coffee plantation results with the upland forest results in Table I , we see that there is a significant increase in the strength of the double-bounce term, but not the volume scatter term, so that the relative contribution of the doublebounce to the volume scatter increases from 0.23 to 0.85. From Fig. 7 , we see that this trend should mean a significant increase in the HH-VV phase difference, HH-VV correlation coefficient, and HH/VV backscatter ratio. There should also be a corresponding decrease in the HV/HH backscatter ratio. This is confirmed by the results in Table I for P-band; similar behavior can be seen for the L-band results in Table II .
V. SUMMARY AND DISCUSSION
A new technique for fitting simple backscatter mechanisms to polarimetric SAR data has been presented. This modelfitting approach has the advantage that it is based on the physics of radar scattering, not a purely mathematical construct. The model does not attempt to predict the absolute level of any backscatter measurement. It does match very well with the general polarimetric behavior of the scattering seen in a multifrequency, polarimetric data set obtained over a tropical rain forest site, containing a variety of land cover types.
The model-fitting approach worked well when fitted to the radar scattering from tropical rain forest over a wide range of incidence angles. The results showed a possible increase in the direct or surface scattering contribution at lower incidence angles at L-and P-band. The volume or canopy scatter term was relatively constant as a function of incidence angle. The double-bounce contribution at P-band showed a slight decrease for incidence angles either side of 40 .
The model can be used to determine to first order what are the dominant scattering mechanisms that give rise to observed backscatter in polarimetric SAR data. We also showed how it can be used to predict, in a qualitative sense, the effects of certain changes, such as inundation and forest thinning, on the radar backscatter. Measurable changes due to these effects were seen at both L-and P-band in the fully polarimetric radar signature, the changes being more pronounced at P-band.
The three-component scattering mechanism model may prove useful in providing features for distinguishing between different surface cover types and in helping to determine the current state of that surface cover (e.g., flooded or nonflooded and frozen or thawed trees). In future work, we intend to use the scattering mechanism images as classification features to allow differentiation between different land cover types. We also intend to extend the scope of the model to include canopy scatterers with shapes other than dipoles, preferred orientation directions of scatterers, and tilted surfaces.
